Household air pollution (HAP) from solid fuel combustion contributes to 2.6% of the global burden of disease. HAP emissions are an established lung carcinogen; however, associations with other cancer sites have not been fully explored. We conducted a meta-analysis of 18 case-control studies. Using fixed-effects models, utilizing the adjusted odds ratios (OR) and 95% confidence intervals (95% CI) from each study, we evaluated the association between HAP and cervical neoplasia (663 cases and 1747 controls) and upper aero-digestive tract cancers (6022 cases and 15 325 controls). We found that HAP was associated with cervical neoplasia (OR = 6.46; 95% CI = 3.12-13.36; 4 studies); oral (OR = 2.44; 95% CI = 1.87-3.19; 4 studies; 1000 cases/3450 controls); nasopharyngeal (OR = 1.80; 95% CI = 1.42-2.29; 6 studies; 2231 cases/2160 controls); pharyngeal (OR = 3.56; 95% CI = 2.22-5.70; 4 studies; 1036 cases/3746 controls); and laryngeal (OR = 2.35; 95% CI = 1.72-3.21; 5 studies; 1416 cases/4514 controls) cancers. The elevated risk for esophageal cancer (OR = 1.92; 95% CI = 0.82-4.49; 2 studies; 339 cases/1455 controls) was non-significant. HAP was associated with cervical neoplasia among studies that accounted for HPV infection (OR = 9.60; 95% CI = 3.79-24.32) and smoking (OR = 4.72; 95% CI = 1.84-12.07). Similarly, our observed associations between HAP and upper aero-digestive tract cancers remained significantly elevated when analyses were restricted to studies that controlled for smoking. No significant publication bias was detected. Our results suggest that the carcinogenic effect of HAP observed for lung cancer may extend to other cancers, including those of the cervix and the upper aero-digestive tract. Further research is needed to confirm these associations in prospective studies.
Background
Around three billion people depend on solid fuels for household energy both in developed and developing countries [1, 2] . Solid fuel consists of mainly coal and various forms of biomass, such as wood, crop residues and animal dung. The type of solid fuel used varies by geographic location, with coal being primarily used in China and biomass being primarily used in India and Africa. The annual global health burden from household air pollution (HAP) is approximately 3.9 million deaths [3] , accounting for 2.6% of global burden of disease. In the year 2000 it was estimated that 16,000 premature deaths have been attributed to lung cancer alone [1] . Based on animal and human studies, the World Health Organization's International Agency for Research on Cancer Working Group concluded that HAP from combustion of solid fuels, specifically coal, are carcinogenic to humans and particularly lung cancer [4] [5] [6] . Questions remain, however, as to if the carcinogenic potential of HAP extends beyond the lung.
Evidence suggests that polycyclic aromatic hydrocarbons (PAHs), a major HAP component, have carcinogenic properties on mucosal and endothelial lining of upper aero digestive tract from inhalation [7] [8] [9] . Studies have suggested that HAP may be associated with oral cancer and nasopharyngeal cancer [8] [9] [10] . Given that PAHs from smoking have been implicated in cervical cancer, the carcinogenic potential on the cervical and vaginal mucosal has been also explored for solid fuel use in human and animal models [11] [12] [13] . Given this background, we conducted a metaanalysis to assess the associations between HAP from all solid fuel types (coal, wood and mixed exposures) and upper aero-digestive cancer and cervical neoplasia as they have yet to be summarized in the literature.
Methods
Studies that explored the association between upper aerodigestive and genital cancers with HAP, published between January 1970 and July 2014 were identified by searches of the PubMed and Science Citation Index databases using keywords related to indoor air pollution, cancer and cancer sites (Table 1 ). In addition, we manually searched the references from the articles that met our inclusion criteria.
The inclusion criteria for our study were: (i) epidemiological studies (case-control and cohort studies) that examined the association between HAP and these cancers; (ii) the study population's solid fuel use exposures were primarily derived from household cooking and/or heating and not from other forms of urban/outdoor air pollution or occupational exposures; and (iii) the results for the study population were not reported in another publication.
Studies were excluded if they were (i) studies written in languages other than English and Spanish; (ii) animal studies; (iii) studies examining only the carcinogens implicated in HAP (i.e., benzo (a) pyrene); or (iv) focused on occupational exposure to solid fuel usage or exposure to cooking oil fumes. The initial keyword searches yielded 285 manuscripts of which 60 were selected for abstract review. Of these studies that met our inclusion criteria, 18 studies were reviewed. All of these studies were case-control studies by design, except for one nested case-control study. Refer to Figure 1 for further details.
Data related to study design, geographical location, population setting, case selection criteria, control selection criteria, exposure assessment methods, the number of cases and controls, participation rates, gender distribution, the type of fuel used, and risk of cancer associated with exposure, crude odds ratio (OR) and 95% confidence interval (95% CI), adjusted odds ratio (OR) and 95% CI, the variables adjusted for, and the limitations of the study were extracted from each study. Since there is no standardized method for HAP exposure assessment, we critically reviewed all the studies to determine the respective exposure assessment method. All studies utilized questionnairebased methods to determine exposures either qualitatively or quantitative. ORs were extracted for all fuel types (i.e., wood, coal) provided by each study. For studies that provided multiple ORs based on various exposure groups, the OR representing the highest exposure group was selected. For example, the groups that experienced the longest duration of exposure or the groups with substantial fuel burning in poorly ventilated kitchens were selected. Since HAP attributed to coal exposures tend to have higher carcinogenic potential than HAP attributed to wood for lung cancer [6] , we selected ORs related to coal exposure for our primary analyses when multiple ORs were provided. We also extracted coal and wood specific ORs for our exploratory analysis. Table 2 summarizes the studies that were included in the meta-analysis. For quality assurance each study was reviewed twice by the first author and three of the manuscripts were randomly selected and extracted by the senior author to examine the robustness of the data extracted. There was 100% concordance between the two independent data extractions and between the extractions by the first and senior authors.
All statistical analyses were performed using the "meta" and "metafor" packages and in-house code developed in the R statistical language version 3.1.0. Heterogeneity among studies was determined using the Q test for heterogeneity. Summary ORs for cancers according to cancer site were then calculated using the adjusted OR and 95% CIs from each independent study. If the adjusted odds ratio was unavailable we used crude odds ratio. Using random and fixed-effects models, summary ORs were calculated for the overall effect of each cancer site and exposure of interest. Given that the numbers of studies were too few to obtain a stable estimate of variance of random effects, and that cancer site-specific ORs calculated using randomeffects models were similar to those calculated using fixedeffects models, only results from fixed-effects models are presented. In addition, analyses were conducted to obtain summary ORs for studies that accounted for major known confounders, such as smoking status in upper aerodigestive cancers and HPV in cervical cancer. Exploratory analyses were also conducted based on specific type of fuel used. Publication bias was assessed by visual inspection of funnel plots (Additional file 1: Figure S1 ).
Results
Eighteen studies met our inclusion criteria [7, 8, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Table 2 presents a brief summary of these studies with the following information: Setting (country and year of 
study), type of cancer studied, case and control selection characteristics, criteria of inclusion and exclusion for cases and controls, participation rates for cases and controls, and percentage of males among cases and controls.
Cervical neoplasia
Four studies evaluated the association between precursor lesions of cervical cancer and HAP (Table 3 ) [11] [12] [13] 18] . Of the four studies on precursor lesions of cervical cancer, two were conducted in South America and two in Asia. The total number of cases of carcinoma in-situ (CIN) was 663, which was compared to 1747 controls. The summary OR for the 4 studies was 6.46 (95% CI =3.12-13.36) (Figure 2a ). There was no heterogeneity (p = 0.45) ( Table 4 ). The two major risk factors for cervical neoplasia, HPV and smoking, have been independently controlled in some of the studies. The two studies that accounted for smoking remained significant (OR = 4.72; 95% CI = 1.84-12.07) [11, 12] , as did the three studies that accounted for HPV status (OR = 9.60; 95% CI = 3.79-24.32) [12, 13, 18] . Only one study accounted for both HPV and smoking status concurrently, and it observed an elevated risk for high grade lesions associated with cooking for more than an hour each day, with poor ventilation (OR =8.10; 95% CI = 1.70-39.00), among women aged 20 to 40 years, who never smoked and the OR was adjusted for HPV DNA load [12] .
Upper aero-digestive cancer sites
Four studies (1000 cases/3450 controls) evaluated the association between oral cancer and HAP (Table 5) , two were conducted in South America and two in Europe [7, [23] [24] [25] . Summary OR was 2.44 (95% CI = 1.87-3.19) (Figure 2b ) and there was no significant heterogeneity (p = 0.93) ( Table 4) . The summary OR for the three studies that accounted for smoking status, a significant risk factor for oral cancer, was found to be 2.56 (95% CI = 1.80-3.64) [7, 24, 25] .
Six studies (2231 cases/2160 controls) estimated the risk of nasopharyngeal carcinoma from HAP. Four of these studies were conducted in Asia and two in Africa risk associated with HAP and nasopharyngeal cancer (OR = 5.82; 95% CI = 2.50 -13.57) [19] . Four studies (1036 cases/3746 controls) assessed the risk of pharyngeal cancer associated with HAP (Table 5) . These studies were conducted in Asia, South America and Europe [7, 14, 24, 25] . The risk of pharyngeal cancer associated with HAP in these four studies was 3.56 (95% CI = 2.22-5.70) (Figure 2c ) and there was no substantial heterogeneity (p = 0.99) ( Table 4 ). All 4 studies adjusted for smoking status.
Two studies (339 cases/1455 controls), which were conducted in Asia and Europe [7, 21] , evaluated esophageal cancer risk and HAP (Table 5 ). Summary OR for these was 1.92 (95% CI = 0.82-4.49) (Figure 2e) , with no heterogeneity (p = 0.53) ( Table 4 ). Only one study adjusted for smoking and the adjusted OR was 1.50 (95% CI = 0.48-4.71) [7] .
Five studies (1416 cases / 4514 controls) evaluated the risk of laryngeal cancer associated with HAP (Table 5) . Three of these studies were conducted in European countries, one in Asia and one in South America [7, 14, 22, 24, 25] . All the five studies accounted for smoking and the summary OR was 2.35 (95% CI = 1.72-3.21) (Figure 2d) , with no heterogeneity (p = 0.49) ( Table 4) .
Type of fuel use
We conducted exploratory analyses to estimate fuel typespecific summary ORs (Table 6 ). These analyses are considered exploratory due to the limited number of studies included in the analyses.
In precancerous cervical lesions, the summary OR for wood-specific exposure was 10.29 (95% CI = 3.27 -32.40) [11, 12] . For the upper aero-digestive cancers, the summary OR based on exposure to wood smoke depending on cancer site were as follows: oral cancer (OR = 2.45; 95% CI = 1.81-3.30), pharyngeal cancer (OR = 2.56; 95% CI = 1.20-5.49), laryngeal cancer (OR = 1.54; 95% CI = 0.81-2.94), esophageal cancer (OR = 2.13; 95% CI = 1.05-4.30) and nasopharyngeal cancer (OR = 1.77; 95% CI = 1.07 to 2.91) ( Table 6 ). Coal use was associated with increased risk of cervical, pharyngeal, and laryngeal cancers; however, these estimates were based on a limited number of studies.
Discussion
Globally, 50% of all households and 90% of rural households continue to depend on solid fuels for cooking and heating [2] . An estimated 2.6% of the global burden of disease has been attributed to HAP [3] . With the existing evidence for the biological plausibility of HAP exposure potentially contributing to cervical neoplasia [27, 28] and upper aero-digestive cancers [28, 29] it is important to estimate this relationship.
Our meta-analysis of epidemiological studies confirms the results observed in animal studies [28, 29] , suggesting that the risk of upper aero-digestive cancers is associated with HAP. Our meta-analysis observed that HAP is associated with increased risk for oral, nasopharyngeal, pharyngeal, and laryngeal cancers. However, the increased risk noted with esophageal cancers was not statistically significant. The increased risks we observed seem to be independent of other risk factors such as smoking and age.
The carcinogenic potential of HAP has been previously evaluated. HAP is known to cause an increase household air levels of sulfur dioxide, carbon monoxide, fluorine, and known carcinogens such as polycyclic aromatic hydrocarbons (PAHs), benzene, arsenic, 1,3-butadiene and formaldehyde, [30, 31] . These HAP constituents have been implicated in various malignant and nonmalignant diseases of organs on the route of exposure such as the respiratory tract, as well as the cardiovascular system [3] . Individual genetic variation and exposure to HAP is known to increase susceptibility to lung cancer [32] .
The type of, and relative proportions of, carcinogens released varies by the type of fuel used [33] . Studies have found that combustion of coal increases the levels of PAHs, benzene, formaldehyde, silica and arsenic. The composition of these emissions vary from region to region [5] . Wood has been associated with elevated levels of PAHs, benzene, and 1,3-butadiene [5, 33] . IARC concluded that HAP from combustion of coal was carcinogenic to humans (group 1) and that from wood was a probable carcinogen (group 2A) [4] . Studies found that coal smoke may potentially generate a higher carcinogenic potential than wood smoke for lung cancer [6] . However, research is needed to determine what constituent, or combination of constituents, of HAP is driving the carcinogenic potential. Given that the exposure depends on the type of fuel used [33] and the carcinogenic potential of the specific fossil fuel used [6] , we explored the risk of our selected cancer sites by the type of fuel used. Although our analyses should be considered exploratory due to the limited number of fuel type specific results, it is interesting that our study suggestions that the risk associated with laryngeal cancers may be greater in populations with coal-specific exposures and the risk of cervical and oral cancers may be greater in those with wood-specific exposures.
Interesting evidence also emerges from our study that HAP is associated with increased risk of cervical neoplasia despite controlling for the risk factors such as HPV and smoking status [18] . There is limited mechanistic data available on how HAP may cause cervical neoplasia. However, in support of the hypothesis that HAP exposures may increase risk of cervical cancer, studies on cigarette smoking suggest that airborne nitrosoamines can be transmitted through blood to organs including cervix, thereby leading to cancer [29, 34] . Therefore, it is conceivable that HAP exposures may mimic tobacco exposures with regard to cervical neoplasia risk. The causal mechanism for cervical neoplasia among HAP exposed warrants further investigation. Our analysis has multiple strengths. This is the first meta-analysis to summarize the association between HAP and cancers other than lung. Though our study is a secondary data analysis we accounted for major risk factors to the extent possible by evaluating summary odds ratios based on study-specific ORs that adjusted for major confounders. Finally, the body of existing literature supports the biological plausibility for pathogenesis of these cancers. Even though we robustly reviewed the literature to identify all existing studies evaluating these associations, there were only a limited number of studies available for analysis. Another potential limitation is the file drawer effect of unpublished studies; however, our results are unlikely to be influenced by the file drawer effect, especially for upper aero-digestive tract, given the recent interest in HAP in relation to lung cancer [4] . We note, however, that even though the visual inspection of the funnel plots did not suggest the presence of publication bias, we cannot definitively rule out the possibility of publication bias. There were fewer than the 10 studies for each cancer site in this meta-analysis, which is the number of studies needed to draw formal conclusions on publication bias using the Begg's test [35] . 
